Exfiltration of waste water in sewer networks represents a potential danger for the soil and the aquifer. Various modelling approaches have been proposed to quantify sewerage exfiltration and its spatial and temporal variation. Common models are based on the law of Darcy, extended by a more or less detailed consideration of the expansion of leaks, the characteristics of the soil and the colmation layer. In the paper investigations are introduced, which are focused on the actual water content of the soil and its influence on exfiltration rates. Modelling results with HYDRUS 1D show, that under unsaturated conditions initial exfiltration rates are increased compared to saturated conditions. In experiments it was found, that the matrix potential increases the tightness of the colmation layer. Further a colmation model was deduced, which allows the calculation of the thickness and conductivity of the colmation layer.
INTRODUCTION
The exfiltration of waste water is a potential danger for soil and aquifer. The endangerment depends on individual performance of the sewer network, pollutant load of sewage and the characteristics of soil and aquifer. Beside the consideration of degradation and transport processes in the vadose zone, quantities of waste water exfiltration are important for the estimation of the impacts. A thorough review of indirect and direct methods to estimate exfiltration rates is given in Rutsch (2007) . All methods are very costly and except for tracer measurements in the groundwater the methods are focused on single pipes and require a scaling-up procedure to consider catchment-wide exfiltration rates. Spatial and temporal distribution of sewage exfiltration can hardly be assessed by measurement-based methods and demand the application of numerical models. For the calculation of the exfiltration process from sewer networks the basic equation of Darcy and adaptations of it are widely used (e.g. Rauch and Stegner, 1994; de Silva et al., 2004) . The process described by equation 1 is controlled by the hydraulic potential H 0 and the hydraulic conductivity K c of the colmation layer between pipe and soil. Further, the th International Conference on Urban Drainage, Edinburgh, Scotland, UK, 2008 Hydraulic modelling of sewage exfiltration exfiltration depends on the leak area A L . In turn, colmation of the soil in the vicinity of the leaks is characterised by the thickness Z b and also by the conductivity K c of the colmation layer (equation 1). Due to the lack of data regarding the colmation layers thickness, colmation is often described by the leakage factor K L (equation 1), which is combining the thickness and the conductivity of the layer. The hydraulic potential depends on the water level (gravitation potential) in the sewer network. Other authors (BEAL et al., 2004) stated, that besides the gravitation potential the matrix potential of the soil below the colmation layer increases the hydraulic potential (equation 2) and thus exfiltration rates. The matrix potential increases with reduced water content in the soil. The hydraulic conductivity of the soil decreases with reduced water content. Under stationary conditions the flow rate through the colmation layer and the underlaying soil is equal (BEAL et al., 2004) . In the paper we want to answer the questions, whether the influence of the the matrix potential on exfiltration rates is significant. Further, we are focusing on the colmation process and the physical modelling of it, in order to provide a model approach for the dynamic consideration of the process.
METHODS

Numeric Modelling
In order to evaluate the matrix potential and its influences on the exfiltration process, the software package HYDRUS 1D (Šimủnek et al., 2005) was used. Besides the transport and sorption under saturated and unsaturated conditions, it offers the calculation of the onedimensional water movement in a partially saturated rigid porous medium, which is based on the Richards equation. The water content of the soil matrix is described by the retention function of the soil. Among several approaches of the retention function, which are provided in the HYDRUS Software, we used the approach of Van Genuchten (1980) . The simulation model was built with 2 layers. The top layer represents the colmation layer and the 2 nd layer below stands for the surrounding soil of a sewer pipe. The hydraulic soil parameters were varied from high to low permeability (Table 1) . ), are loaded with sewage water pre-treated through a sieve with a grid size of 0.5 mm. The columns were cooled to a typical soil temperature of 10°C during the experiments. In four columns (diameter D = 20 cm, L = 70 cm) the sewage infiltration (i.e. exfiltration from sewer) was realised via leaks in a pipe passing the columns (define as "leak exfiltration experiments": LE, Figure 1 ). In four columns (D = 10 cm, L = 60 cm) the sewage was taken via a bypass from the sewage pipe and infiltration to the columns takes place over their entire cross section (defined as "column experiments": CE, Figure 1 ). Beside the different modes of charging, the columns were operated under unsaturated and saturated conditions in either mode. Saturated columns are equipped with a small outflow reservoir adjustable in height to control the water level in the column. During the experiments the test rig are continuously operated. From the inflow to the columns composite sewage samples for TSS-analysis were taken daily. Further, pressures in the sewage pipes, outflow volumes and temperature were measured daily. During the first few days of the experiments the outflow was measured continuously by weighing, ´while after establishment of steady-state conditions a recording frequency of once a day was considered sufficient. The unsaturated columns are equipped with tensiometers for online-measurement of the matrix potential. 
RESULTS
Matrix potential
The modelled scenarios with HYDRUS 1D indicate, that the exfiltration rate under saturated conditions is obviously lower than that under unsaturated conditions (Figure 2) . The difference between saturated and unsaturated fluxes is mainly affected by the matrix potential. The absolute value of the matrix potential increases with decreasing sewer water level, with decreasing soil coherence and with increasing thickness of the unsaturated zone ( Figure 2 ). Also, any conditions which influence the water content cause a decrease (e.g. surface and rain water infiltration) or an increase (e.g. evaporation) of the matrix potential. In the experiments, despite the significantly higher matrix potential below the colmation layer, no significant differences between the fluxes under saturated and unsaturated conditions were observed. Rather, it was found that the leakage factors are lowered with increased potential heights. In Figure 4 this finding is illustrated by the dependency of the leakage factor after 10 days on the hydraulic potential during the first 10 days of sewage exfiltration. Our explanation for this was that the permeability of the colmation layer in the unsaturated experiments is lower than that in the saturated experiments. Under higher pressure the colmation layer develops deeper, which was also reported by Rice (1974) . 
Dynamics of the Colmation process
The colmation process was observed as a rapidly decelerating process. During the first 3 days the leakage factor is reduced by 1 to 2 orders of magnitude. After 3 days of exfiltration, significantly lower recession gradients were observed (Figure 6 ). The rapid increase of colmation is rather due to physical and chemical clogging of the soil pipe layer than due to bio-clogging, supporting the assumptions of Rice (1974) and Rauch and Stegner (1994) . Fuchs et al. (2004) , who identified bio-clogging in full scale experiments after 8 month with RNA/DNA-measures, showed a biomass induced reduction of the conductivity of about 50%. It can therefore be expected that for continuing exfiltration, conductivity will further decrease over a longer period. Hydraulic modelling of sewage exfiltration
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Characterisation of the colmation layer
According to the observed dynamics in the experiments (Figure 6 ), the colmation process was divided in two phases. The first phase is characterized by a pore clogging of the soil. According to the equation of Hagen-Poiseuille (equation 3) the reduction of the pore diameter causes an over-proportional reduction of the hydraulic conductivity K c . This is supported by the measurement of the rapid decrease of the leakage factor K L during the first three days (Figure 6 ). It can be assumed, that during the first phase the influence of biomass growth on colmation can be neglected, i.e. it is dominated by physical and chemical processes. Consequently, the initial colmation is referred to the TSS-load and the leakage factor. The thickness of the colmation layer can be described according to the clogged pore volume and the input of TSS (equation 4). The number of pores n was deduced according to the soils pore volume fraction φ and the pore radius r (equation 6). By the substitution of (Z b , r and n in equation 3 by equations 4, 5 and 6 and the reduction to a quadratic equation, the clogged pore radius r col can be calculated. In the second phase the sedimentation of sewage cause the crowing of the layer thickness and additional biological, physical and chemical processes reduces the pore radius and the hydraulic conductivity. The crowing of the layer thickness can be calculated with the mass of TSS input (equation 7).
φ S pore volume fraction of the sludge in the colmation layer (-) The reduction of the conductivity in the colmation layer was calculated with the leakage factor K L and thickness of the layer
The approach of the 2 nd phase is applicable for column experiments, which are not disturbed by the sewage turbulence. Colmation under turbulent conditions can be taken into account by the calculation of the conductivity according to equation 8 without the increase of the thickness (equation 7). In this case the thickness of the layer is assumed to be stable after the pore colmation of phase 1. Conductivity and thickness of the colmation layer were calculated for all experiment runs. Leakage factors and TSS-loads were taken from the experimental data. Further, the density of the sludge in the colmation layer was estimated with ρ S = 200 kgm ) was estimated. The mean colmation layer thickness yields 7.0 mm (range: 1.5 -14.7 mm), whereas for the unsaturated soil experiments the estimated thickness is increased to 185 % of the colmation layer thickness in the saturated columns. This corresponds to the statements about the influence of the matrix potential (see above). Further, it can be stated, that the calculated values correspond to information in the literature, where thickness values from 1 mm (Rice, 1974) up to 20 mm (Vollertsen and Hvitved-Jacobson, 2003) are documented while the reported hydraulic conductivity values range from 1.1·10 -6 ms -1 (Vollertsen and Hvitved-Jacobson, 2003) to 3.5·10 -8 ms -1 (Beal et al., 2004) .
SUMMARY AND CONCLUSIONS
With numeric modelling it was shown, that the conditions in the soil matrix are very important for the exfiltration process. Besides the water level in the pipe, the matrix potential is a main driving force of the exfiltration process. Due to the increased potential under unsaturated conditions, initial exfiltration rates and -directly related -the initial input of pollutants are increased. Influencing factors to the matrix potential are the soil type, the thickness of the unsaturated zone, the water level in the sewer pipe and other conditions influencing the water content of the soil. In pilot-scale experiments, these findings were confirmed but it was also shown, that the increased potential under unsaturated conditions induces a more pronounced colmation layer with a lower leakage factor. Presumably, due to the deeper penetration of particles into the soil as a consequence of the increased matrix potential, the leakage factors decrease. The colmation process can be characterized as a process with 2 phases. Under the experimental conditions the duration of the first phase was in the order of 3 days. Physical and chemical processes cause a fast decrease of the leakage factors. The initial colmation follows the characteristics of a pore clogging. The second phase is characterized by biological, chemical and physical processes with low recession gradients of the hydraulic conductivity compared to the first phase. The fast colmation process and the associated de-coupling of leakage rates from the influence of the matrix potential and cause a significant reduction of leakage and thus exhibit a positive effect for the protection of soil and groundwater. Further, it can be concluded, that after a destruction of the colmation layer due to rising groundwater or pipe flushing, the leaks are clogged quickly again (also reported by Vollertsen and Hvitved-Jacobson (2003) ). According to the findings it became evident, that leakage factors and potential heights are not constant but a function of the exfiltration process itself. The colmation process depends to some extent on the saturation of the leak surrounding soil. Even though the described experiments led to the process description presented here, further experiments are required to identify the process parameters. With the introduced semi-deterministic colmation model the thickness and the conductivity of the colmation layer can be estimated and serve as an input for further process modelling in the unsaturated soil. Moreover, the model approach helps to understand processes near sewer leaks and it explains the dynamics of the exfiltration process. The conditions of the leak experiments are consciously chosen according to the real conditions around sewers leaks (soil material, temperature, turbulence) and thus the experiment represents real systems. Of course, during our work we came across some questions, which require more investigations. The influence of the soil characteristics (thickness, conductivity, soil type), the shape of leaks and the characteristics of the colmation layer in dependence of soil characteristics should be considered in further experiments and analysis.
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